Positron lifetime spectra were measured as a function of pressure for multicomponent mixtures of alkanes with an average carbon chain length of 19 atoms, and a varying width of length distribution. The range of rotator phase broadens with increasing the wax component distribution. When the number of wax components was ve or more, we have observed the coexistence of rotatorrigid phases. The results of analysis of high statistics positron annihilation lifetime spectra by MELT program speaks in favour of an existence (in that range) of a single broad component, rather than two components corresponding to the separate rigid and rotator phases. In the mixtures of alkanes, the inter-lamellar gap size increases signicantly due to the presence of various chain lengths of the components forming the mixture. For all investigated waxes the pressure of 360 MPa was sucient to reduce the gap width to that one observed in pure alkanes.
Introduction
The positron annihilation lifetime spectroscopy (PALS) has been successfully applied to estimate the size of free volume in hydrocarbons, which have a relatively simple structure in condensed phases (rigid crystal, rotator and liquid phase) [15] . In many applications (and in the nature) alkanes appear as a mixture (wax) composed of molecules of various chain length.
It seems interesting to determine how phase transition points depend on the wax composition. The studies of this kind were performed up to now by classic methods
[611] and were limited usually to the binary mixtures;
the papers devoted to more complex compositions are rare. In our earlier work, we reported measurements of the PALS spectra as a function of temperature for various compositions of mixtures [12] . The aim of this paper was to compare the PALS spectra measured as a function of temperature with the analogous ones measured as a function of pressure. Comparing both these functions in alkanes one can assume that the decrease of temperature by 1 K is equivalent to the increase of pressure by 4 MPa [13] .
The schematic phase diagram for binary mixtures is shown in Fig. 1 [14] . One can see that in these mixtures the range of rotator phase is broadened and the regions of coexistence of two phases are observed.
In the low temperature rigid phase n-alkanes have the form of straight chains (all-trans conformers) and they are arranged in a lamellar structure. In neat alkanes the long axes of molecules with an odd number of carbon atoms are perpendicular to the gap plane between * corresponding author; e-mail:
bozena.zgardzinska@poczta.umcs.lublin.pl the lamellae while these with an even number of carbon atoms are oblique. The gap in the structure between the lamellae is larger for odd-numbered alkanes (0.195 nm) than for even-numbered ones (0.125 nm) [15] .
Moreover, a rotary phase appears in the odd-numbered alkanes with n ≥ 9 and even-numbered with n ≥ 22, in the range of several degrees below the melting point.
In this phase retaining the lamellar structure, some non--planar conformers: end gauche, double-gauche and kink ones exist [2, 15, 16] . Non-planar shapes lead, beside elongation of one of the crystal cell axis, to the formation of additional free volume in the vicinity of molecules. The kink conformers are dominant. A free volume near them is relatively larger in comparison to that one near end-gauche" conformers, and it has the form of a channel running along the molecule.
The positron entering the matter loses its energy and at the end of its ionization track can create positronium [17, 18] ; if the shape of the void is better approximated by a rectangular box, the modied models [19] can be used.
Experimental
The waxes investigated here were the mixtures of oddand even-numbered parans, composed of 5 to 9 components (Table) . The neat alkanes were from Sigma Aldrich, of purity exceeding 99%. Selected n-alkanes in the required proportions were molten, carefully stirred, and solidied. The samples had the form of 2. The multicomponent mixtures can be described by two parameters:
the average chain length n = n c n n
(in our measurementsn = 19), and the distribution width
where c n the fraction of alkane with a chain of n carbon atoms long (in our measurements ∆n = 1, 1.56, 2.06, and 2.57).
In the rigid, rotator, and liquid phases the o-Ps lifetimes τ 3 and intensities I 3 are distinctly dierent, and therefore they are easy to distinguish in the PALS spectra.
The longest-lived component in the spectrum is For a comparison the PALS data from temperature dependences, respectively scaled, are also shown.
The measurements of the PALS spectra as a function of pressure began when the wax samples were in the ro- Characteristic points on the curves τ 3 , I 3 vs. p or T correspond to: the melting point, transition to pure rotator, end of pure rotator range, beginning of pure crystalline phase, respectively. We have determined the location of these characteristic points from the intersection of straight lines tted to the experimental data below and above of these points (see Fig. 2a ). For large ∆n, the uncertainty of the points location can exceed 10 MPa.
The points found from the temperature and pressure dependences for various ∆n are shown in Fig. 3 . The ranges of rotator phase visible in the temperature and pressure dependences are quite similar. The relationships between the intensity I 3 and temperature or pressure are almost identical. However, the o-Ps lifetime at high pressures is distinctly shorter than the one measured at the equivalent temperatures. Fig. 3 . Phase diagram for alkane mixtures of various ∆n. The area of phase coexistence seen in the pressure (rotator-rigid, circles) and temperature measurements (rotator-rigid, diamonds and liquid-rotator, squares) is indicated by full and hatched area, respectively. The data for temperature dependences and for liquid-solid transition are taken from Ref. [12] .
Contrary to the measurements as a function of lowering temperature, in the dependences on rising pressure the rise of intensity I 3 is not observed. At low temperatures the rise of I 3 means the positronium formation on trapped excess electrons [22] . Such a trapping is highly dependent on the temperature. Our measurements as a function of pressure were performed at 291 K which is too high to observe the electron trapping.
The range of pure rotator phase increases with ∆n (for ∆n = 1 it is about 30 K) and is similar in pressure and temperature dependences, except for the richest mixture.
The region of phase coexistence seen in the temperature dependences is larger than the one in pressure dependences (in Fig. 3 this is indicated by hatched and full--lled area, respectively).
The widest area of phase coexistence is seen for the D mixture (∆n = 2.57, Fig. 4a ). For this mixture, the relative deviation of length of the shortest and the longest molecules from the average is 1.27 and 1.21, respectively.
The limit of miscibility of binary alkane mixtures is 1.22 (for multicomponent ones slightly more), thus extreme components of this wax are at the edge of forming a common structure. in selected pressure; the absence of instability in time (at the skips of temperature much longer relaxation times were observed [23] ). The spectra were summed up (except these for rst 10 h) to provide high statistics needed in the MELT program (Fig. 4b) . The result of this analysis speaks in favour of the existence of a single component. No two lifetimes of o-Ps attributable to the rotational phase (about 2.7 ÷ 3.1 ns) and the rigid phase (about 1.5÷2.2 ns) were observed. At the pressures of 70 and 80 MPa, the lifetimes form a very broad distribution, which suggests that in the region of coexistence of both solid phases the grains of denite phases are very small and distorted; a rich variety of free volume defects exists, beside those found inside the grains, also the free volumes on grain boundaries appear. It makes a rich set of defects impossible to be separated in the PALS spectrum (note that PALS method does not see the crystalline structure, but only its defects). Figure 3 shows that the range of rotational phase in the both temperature and pressure dependences is very similar. However, the crystalline structure formed in the rotational phase is much more sensitive to the pressure than temperature changes. Figure 5a 
Discussion and conclusions

